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Reactor neutrinos have been detected in the past 50 years by various detectors for different
purposes. Beginning in the 1980s, neutrino physicists have tried to use neutrinos to
monitor reactors and develop an optimized detector for nuclear safeguards. Recently,
motivated by neutrino oscillation physics, the technology and scale of reactor neutrino
detection have progressed considerably. In this review, I will give an overview of the
detection technology for reactor neutrinos, and describe the issues related to further im-
provements in optimized detectors for reactor monitoring.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Neutrinos from nuclear reactors
Nuclear reactors are the most intense sources of anti-
neutrinos, and it was natural that neutrinos were discovered
in a detector located near a nuclear reactor [1]. Fission reactors
produce fission fragments in highly excited states, and the
neutron-rich fragments further decay, mainly by beta decays,
emitting approximately six neutrinos per fission on average.
As the energy released for each fission is ~200 MeV, we expect
about 2  1020 neutrinos/s to be emitted from a 1-GW thermal
power reactor. Neutrinos from beta decays are antineutrinos
with negative helicity in contrast to the neutrinos from fusion
reaction, which have positive helicity. We will simply refer to
reactor antineutrinos as reactor neutrinos in this paper.sevier Korea LLC on beha
mons.org/licenses/by-ncIt was suggested that neutrinos from nuclear reactors may
oscillate to other types (muon or tau) of neutrinos (neutrino
oscillation), and many experiments were conducted near nu-
clear reactors until the year 2000. The detectors became bigger
and the baseline became longer. In 2003, the KamLAND exper-
iment, located at the Kamioka mine in Japan, finally detected
theneutrinooscillationphenomenon for reactorneutrinos. The
overview of these experiments is described in Section 4.
There are basically two methods to calculate the energy
spectra of reactor neutrinos. The first uses an experimentally
determined electron spectrum and converts it into a neutrino
spectrum. The secondmethod is to calculate all the beta decay
branches using the allowed Coulomb correction in the spec-
tral shape. The energy spectra for reactor neutrinos werelf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
Fig. 2 e Number of events of the inverse beta decay of
reactor neutrinos for each isotope. The y axis shows the
total neutrino flux from a 1-GW reactor multiplied by the
total cross section at the energy. The calculation is done
with the initial isotopic configuration for 4% enriched fuel.
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for the first time. The theoretical models to calculate the flux
and energy spectra of reactor neutrinos were continually
developed by Davis et al. [3], Vogel and Engel [4], Huber and
Schwetz [5], Mueller et al. [6], and Huber [7], by combining the
theories and experimental measurements from the beta
decay of irradiated foils of four isotopes. The most recent
model is the Huber þ Mueller model, which gave parameter-
ization for the energy spectra in a sixth-order polynomial
form for each isotope.
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Huber [7] has given the parameters for 235U, 239Pu, and 241Pu
isotopes, and Mueller [6] has determined the parameters for
238U. Fig. 1 shows a comparison of the neutrino flux of the four
isotopes normalized per fission drawn with the
Huber þ Mueller model.
The reactor neutrinos were detected through the capture
process by the protons, which produces a positron and a
neutron. The cross section of this process has been exten-
sively studied by Vogel and Beacom [8], and the uncertainty of
the cross section is known to be below 1%.
Fig. 2 shows the number of neutrino absorption events
with the proton target as a function of neutrino energy. The
calculation is done for a 1-GW reactor for each isotope with
the initial isotopic configuration for 4% enriched fuel. The 235U
isotope contributes most to the neutrino events. The y axis
shows a value for the total neutrino flux from the 1-GW
reactor multiplied by the total cross section at the energy.2. Detection of reactor neutrinos
Reactor neutrinos were first detected through the reaction of
nþ p/eþ þ n [1]. This reaction is called the inverse beta decay
(IBD) process, because it is the reverse process of neutron beta
decay. For a few megaelectron volt neutrinos, the kinetic en-
ergy of the produced neutrons is a few tens of kiloelectronFig. 1 eNumber of neutrinos for each isotope in the nuclear
reactor. The graphs are produced from the
parameterization by Huber and Mueller.volts, so the neutrons are thermalized readily inside the liquid
scintillator. Usually, liquid scintillator material contains
hydrogen and carbon atoms in a ratio between 1:1 and 2:1. The
threshold energy of the IBD process is 1.8 MeV; therefore,
neutrinos below this energy have never been measured in the
IBD process. In principle, other nuclear targets with lower
threshold energies exist, but the low energy IBD process for
other nuclear isotopes cannot produce neutrons with the low
threshold. Without neutrons, it is difficult to reduce the
background events; thus, nuclear targets other than the pro-
ton have not yet been used for reactor neutrino detection.
The kinetic energy of positrons corresponds to the initial
neutrino energy, so that we can measure the neutrino energy
by measuring the energy deposition by the positron. A posi-
tron annihilates with an electron in the liquid scintillator,
giving out two 511-keV gamma rays. Therefore, the prompt
energy, deposited by the positron including the annihilation
energy, is related to the neutrino energy as:
Eprompt ¼ En  0:784 MeV: (2)
Fig. 3 shows a schematic layout of neutrino detection in-
side a typical detector. The combination of the positron and
the neutron signals separated by an order ofmicroseconds is a
well-characterized event, which can be identified among a lot
of background events such as high-energy gammas and fast
neutrons.
The detection methods of reactor neutrinos depend on
how to detect the neutrons produced by the IBD process.
Table 1 shows the properties of the isotopes used for the
detection of the neutrons. The elapsed time for the moder-
ated thermal neutron to be captured by protons inside the
liquid scintillator is ~180 ms. The process, nþ p/dþ g, has a
Q value of 2.225 MeV, and emits a 2.2-MeV gamma ray, which
is separated from the prompt positron signal. We can shorten
the capture time by adding gadolinium by about 0.1% by
weight into the central liquid scintillator [gadolinium-loaded
liquid scintillator (Gd-LS)], called the “target”; then the
Fig. 3 e Schematic layout of antineutrino detector concept.
Gd-LS is the liquid scintillator doped with natural Gd
(target) and LS is liquid scintillator without Gd dopant
(gamma catcher). Mineral oil is nonscintillating light
transmitting material. LS should be ~60 cm to measure the
gammas produced inside Gd-LS sufficiently. The Target
scintillator can be doped with 6Li instead of Gd, then the
neutron capture signal is localized within a few mm range
without gammas (see text). GD-LS, gadolinium-loaded
liquid scintillator.
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nþ 155 157ð ÞGd/156 158ð ÞGdþ g, emits several gammas with a
total energy of ~8 MeV. One important point is that the
positron signal (prompt signal) generates two 511-keV
gammas from the annihilation of the positron inside the
liquid scintillator. To prevent the leakage of 511-keV gammas
from the target liquid scintillator, the target volume is sur-
rounded by another layer of liquid scintillator of a few tens of
centimeters thickness without gadolinium (LS). This liquid
scintillator is called “gamma catcher,” and the two liquid
scintillators are viewed via common photomultiplier tubes
(PMTs), which are usually immersed in nonscintillating
mineral oil. The gamma catcher also detects the gammas
from neutron capture on gadolinium isotopes; therefore, the
neutron capture signal can be close to the total energyTable 1 e The properties of isotopes to be used to capture neu
Isotope Abundance (%) Cross section (barn)
1H 99.985 0.294
155Gd 14.8 60,740
157Gd 15.65 253,700
6Li 7.6 940
7Li 92.4 0.045
10B 19.9 3,835
11B 80.1 0.005
IBD, inverse beta decay.
a The capture time is given for natural gadolinium, natural boron, and e
weight.
b The Q values are from [9].release of 8 MeV. To fully collect the gammas for the events
occurring at the boundary of the target liquid scintillator, the
thickness of the gamma catcher should be larger than 60 cm.
One can load 6Li instead of gadolinium for neutron capture
in the target liquid scintillator, in which case a process of nþ
6Li/tþ 4He captures the thermal neutrons with a Q value of
4.783 MeV. In this case, the released energy is in the form of
kinetic energy of the triton and alpha particles, and the pulse
shape discrimination property of the liquid scintillator can
separate the neutron capture signal from the abundant
gamma backgrounds. Although it releases 4.783 MeV, the
signal is about 0.6 MeV owing to the quenching effect of the
low energy ions in the liquid scintillator. In the case of 10B, the
Q value is only 2.790MeV, and it emits 0.48 MeV gammasmost
of the time [9]. Therefore, in general, 6Li doping is better to use
for neutrino detection than Boron doping. However, 6Li
should be enriched for use because of the low natural abun-
dance of 6Li.3. Review of previous experiments
Before the Kamiokande experiment confirmed the neutrino
oscillation phenomenon [10], many experiments were con-
ducted to detect this phenomenon by measuring the reactor
neutrinos at different baselines. First, the detectors were
located a few tens of meters from the reactors and compared
with the theoretical expectations. One of the largest detectors
was built for the Chooz experiment, which had a 5-ton liquid
scintillator with 0.1% Gd-LS. In 2002, the Japanese liquid
scintillator detector that had about 1 kton of liquid scintillator
was built at Kamioka mine. Surprisingly, this KamLAND
experiment found that the reactor neutrinos do indeed
maximally oscillate at the baseline of 50 km. The KamLAND
detector did not use gadolinium dopant because hydrogen
capture was sufficient to measure the neutrons from the IBD
process with the very low background rate owing to the deep
(1,000 m) underground location of the detector. Table 2 lists
certain experiments that measured reactor neutrinos for the
past 3 decades, including the detector, the shielding structure,
and the neutrino rates measured. It does not include all the
experiments, but most experiments that gave sufficient de-
tails of the data are included.trons from the IBD process.
Capture time (ms)a Q value (MeV)b
180 2.225
30 (0.1 W%) for natural Gd 8.535
7.936
30 (0.15 W%) for 90% enriched 6Li 4.783
e
1.4 (5% W%) for natural B 2.790 (6%)
2.312 þ 0.478 MeV g (94%)
e
nriched 6Li in liquid scintillator with the specified concentration by
Table 2 e A summary table for the experiments conducted until 2015 to measure reactor neutrinos.
Exp P
(GW)
Fuel
235U %
Detector Shielding Mass
(ton or L)
Depth L
m
Time (d)
oneoff
ε No. of events S/B Ref.
MWE % #/day
OneOff
Bugey3 2.8 6Li(0.15%) þ LS
(NE320)
Seg. 98
8 cm LS
4 mm B4C
25 cm water
10 cm Pb
0.556
(600 L)
23
9.5
15
40
95
72e60
129e72
28e6
~20 1,285e62
251e66
67e37
21
3.8
1.8
[11]
Bugey4 2.8 3He þ H2O 10 cm LS
4 mm B4C
25 cm water
10 cm Pb
1.48 25 15 88e39 54.9 5,621e2,599 1.16 [12]
Goesgen 2.8 3He þ LS(NE235C)
SEG. 30
5 mm B4C
20 cm water
15 cm iron
2 m concrete
377 L 5 38
46
65
143
204
359
16.7
16.5
16.8
76e
52e
24e
~4
~3
~1.5
[13]
ILL 0.057 93 3He þ LS(NE235C)
SEG. 30
12 cm LS
15 cm PE
20 cm Pb
0.325
(377 L)
8 8.76 129e49 19.4 38e 1~2 [14]
Palo Verde 11.63 Gd-LS (0.1%)
(seg.,66)
1 m H2O 11.34 32 750
890
350e 11.2 ~50e ~1 [15]
Chooz 8.5 3.1 Gd-LS 1e2 m LS
75 cm SAND
14 cm FE
5 300 1,000 64e143 69.8 25e1.4 18 [16]
SRP 2.0 e Gd-LS
(0.5%)
NE313
~10 inches LS veto
2 inches Pb
3 inches plastic veto
8 inches Pb
275 L e 18.2
23.8
172e
208e
37.7 419e
260e
e [17]
SONGS 3.4 Gd-LS (0.1%)
Seg. 4
0.5 m H2O 0.64 25 25 e ~10 564e105 5.5 [18]
KamLAND e Spherical LS
(diam. 13 m)
180 cm oil veto
~1 m water
1,000 2,700 ~180,000 ~1,930e ~90 0.83e0.14 5.8 [19]
Double
Chooz
8.5 4 Gd-LS 55 cm LS
105 cm oil
50 cm LS
15 m steel
8 300 1,050 461e 91.5 37.7e1.6 23.6 [20]
Daya Bay 17.4 4 Gd-LS 45 cm LS
50 cm oil
2.5 m water
20 250
265
860
360
500
1,580
565e
568e
562e
80
83.7
96.3
664e13
595e9.5
74e2.2
51
63
34
[21]
RENO 16.8 4 Gd-LS 60 cm LS
70 cm oil
150 cm water
16 120
450
290
1,380
500e
500e
64.7
74.5
617e17.5
61.2e3.1
35
19.7
[22]
NEOS 3.0 4 Gd-LS 10 cm Bo-PE
10 cm Pb
1 30 23.6 30 ~50 1,946e84 22 [23]
Gd-LS, gadolinium-loaded liquid scintillator; ILL, Institut Laue-Langevin; NEOS, Neutrino Experiment for Oscillation at Short baseline; S/B,
signal/background; SONGS, San Onofre Nuclear Generating Station; SRP, Savannah River Plant.
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Generating Station (SONGS; Pendleton, CA, USA) tried to
detect the reactor neutrinos to monitor the reactor thermal
power and possibly the fuel composition. As shown in Fig. 2,
the neutrino spectra from the four different isotopes are
slightly different; therefore, in principle it is possible to mea-
sure the fractions of the isotopes by precisely measuring the
energy spectra from the reactors. The SONGS experiment
measured the total number of neutrinos as a function of
elapsed time after the replacement of the fuels. The data and
predicted rates of the SONGS detector are shown in Fig. 4. It
observed a reduction of ~10% in the neutrino event rates in a
period of about 500 days, even though the thermal power from
the reactor was constant for that period [24,25]. As the de-
tector was not optimized for precise energymeasurement, theenergy spectrum was not studied extensively in the SONGS
experiment. With the rate only, the amount of 239Pu being
produced or removed from a reactor could be constrained to
the 100-kg level [25]. If the new detectors at short baseline can
precisely measure the energy spectrum, the sensitive amount
of 239Pu will be reduced.
In 2008, a workshop was held by the International Atomic
Energy Agency on antineutrino detection for safeguards ap-
plications. The workshop concluded that the antineutrino
detectors have unique abilities to nonintrusively monitor
reactor operational status, power, and fissile content in real
time, from outside containment [24]. It also recommended the
International Atomic Energy Agency to consider antineutrino
detection and monitoring in its current R&D program for
safeguarding bulk-process reactors [24]. The optimized
Fig. 4 e Monthly neutrino rates observed by the SONGS
detector. It shows the evolution due to changes in the
fissile content from burnup. Taken from Fig. 2 in Ref. [24]. It
shows the possibility to monitor the reactor fuel contents
by measuring the neutrino rates. SONGS, San Onofre
Nuclear Generating Station.
Fig. 5 e Data of the RENO (blue) and Daya Bay (red)
experiments divided by the Monte Carlo calculations with
Huber þ Mueller model. Both experiments showed the
unexpected bump between 4 MeV and 6 MeV energy
region, although the RENO saw a larger excess than the
Daya Bay experiment [21,22].
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should be relatively compact in size and preferably movable.
Many proposals to achieve the goal have been made, and
prototype detectors have been tested as described in Section 4.
After the KamLAND detector successfully observed the
reactor neutrino oscillation, three large detectors were built to
measure another neutrino oscillation at kilometer-scale base-
line: Double Chooz (Chooz, France), Daya Bay (Daya Bay,
China), and RENO (Yongkwang, Korea) detectors. These ex-
perimentswere very successful inmeasuring thenewneutrino
oscillation parameter. In addition, these experiments could
measure theneutrino energy spectrummore precisely because
they had sufficiently thick gamma catchers and very low
background levels. The energy resolutions of these experi-
ments were 7e8% in standard deviation at 1 MeV, and
comparedwell with theHuberþMuellermodel. Unexpectedly,
these experiments observed deviations from the predicted
spectra at ~5 MeV energy in the prompt energy spectra. There
weremore neutrinos at this energy region than expected rates,
and the excesses were between 1% and 3% of the total
neutrinos. Fig. 5 shows the ratio of the measured prompt en-
ergy spectra divided by the expected spectra by the
Huber þMueller model as shown in Fig. 2. Actually, the Chooz
experiment already observed this excess in 2003 [16], but it was
not noticed at that time. At present, it is not yet well under-
stood what causes the excess at the 5-MeV energy region.
Hayes et al. [26] proposed three possibilities for the excess: (1)
238U uncertainty is large and this isotopemay contribute to the
excess; (2) epithermal neutron contribution to the fission rate
in the reactor core contributes to the excess; and (3) Institut
Laue-Langevin (ILL)'s beta measurement has an error.4. Toward more precise energy spectra for
reactor neutrinos
Because the energy resolution of the liquid scintillator is
limited by the photoelectron statistics for most of thedetectors constructed up to the present, we can improve the
energy resolution by increasing the coverage of the PMT
photocathodes. Indeed, the recently proposed Jiangmen Un-
derground Neutrino Observatory (JUNO) experiment aims to
measure the reactor neutrinos with an energy resolution of
~3% in standard deviation by increasing the number of PMTs
to 18,000 [27]. However, the energy spectra of the JUNO de-
tector will be dominantly distorted by the neutrino
oscillations.
To measure the neutrino energy spectrum more precisely,
a small detector locatedwithin a few tens ofmeters can obtain
the spectra with similar energy resolution. The photoelectron
statistics can be improved to >1,000 photoelectrons/MeV, and
we can make the energy resolution about 3e4%. The gamma
catcher can be also adopted in the design. The attenuation
length of 511-keV gammas is about 10 cm in the liquid scin-
tillator, and the neutron capture length in liquid scintillator is
about 9 cm on average. Therefore, the IBD events occurring at
the gamma catcher can be misidentified as IBD events
occurring at the target scintillator if the neutrons are captured
by the gadolinium isotopes in the target Gd-LS. We call these
events “spill-in.” If the gamma catcher is not thick enough,
these spill-in events will have some leakage of the two 511-
keV gammas, and deteriorate the energy resolution of the
whole IBD events. Therefore, the thickness of the gamma
catcher should be much larger than the attenuation length of
511-keV gammas.
In Fig. 3, the thickness of the gamma catcher could be
40 cm, and the diameter of the target liquid scintillator can be
100 cm (450 kg). The mineral oil layer is 40 cm thick, and the
PMTs are immersed in the mineral oil. For shielding, 10 cm
lead will surround the liquids. Then, the total size would be
~300 cm. To avoid spill-in contribution, it would help to use
the boron-loaded liquid scintillator (5% natural boron) in the
gamma catcher layer andmineral oil layer. Then the neutrons
from the IBD events occurring in the outer part of the gamma
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 2 8 5e2 9 2290catcher will be mostly absorbed in 10B and cannot satisfy the
requirements for the delayed neutron capture signal. There-
fore, the spill-in events will not lose the 511-keV gammas and
the energy resolution will be improved. The two 511-keV
gammas of the IBD events occurring at the target will be
detected, and the energy reconstruction of the prompt energy
will be close to perfect with the 40-cm-thick gamma catcher.
Here, one should be careful tomake the scintillation efficiency
of Gd-LS (target) and boron-loaded LS (gamma catcher) the
same for good energy resolution.
In this optimized reactor neutrino detector, PMTs will
cover almost all of the surface area, and the coveragewould be
~75% with 80 8-inch PMTs for the above configuration. Then,
we can expect ~1,500 photoelectrons/MeV with which we can
achieve ~2.5% energy resolution for the 1-MeV signal. For the
5-MeV energy region, we expect better than 1.5% energy res-
olution and this will substantially improve our current un-
derstanding of the neutrino spectrum from reactors.
There are many proposals for the monitoring of nuclear
reactors with segmented detectors. The PROSPECT detector is
an array of 10  12 configuration, 120 segments [28], and the
PANDA [29] is also a segmented detector. Each segment is
120 cm long with 14.5 cm  14.5 cm cross section in a bar
shape and optically decoupled from adjacent bars, and the
segment is 6Li-loaded plastic scintillator that will have about
4.5% energy resolution for 1 MeV prompt energy. This design
has a disadvantage in that the range of MeV positrons are
approximately in centimeters, so it is not negligible because
the positrons hit the wall material and lose the energy infor-
mation. In this respect, the homogeneous detector is superior
to the segmented detectors. The segmented detector design
has the advantage of reducing the background by hit pattern
identification.
One promising design is the NuLat (short for neutrino lat-
tice) detector [30]. It is composed of a 15  15  15 cubic array
of 3,375 individual cubes of 6Li-doped plastic scintillator,
6.4 cm on a side. These cubes are stacked and separated by
about 0.3 mm air gap between them, and there is no wrapping
material for the cubes. The scintillation lights are propagated
by the internal total reflection through the cubes along the
three axes, and also scattered in an off-axis direction. In this
way, the event is localized in a cubewithout any energy loss in
wrapping materials. Two 511-keV gammas of the prompt
signal will be measured by the neighboring cubes. All six
surfaces of the array will be viewed by a 2-inch PMT, and then
the total number of PMTs is 1,350. The NuLat detector is ideal
because there is no energy loss, there is no light loss in prin-
ciple, and it has sufficient segmentation to reduce the back-
grounds. The plastic scintillator also has a good Pulse Shape
Discriminations (PSD) capability to further reduce the back-
grounds from fast neutrons. The group should demonstrate
that the energy resolution is better than 5% at 1 MeV energy
with a sufficiently big array, which requires fine machining.
Although this configuration is optimized to reduce the back-
grounds, the energy resolution will be worse than the config-
uration we described for the homogeneous multilayer Gd-LS
target detector.
Another short baseline detector, NEOS (Neutrino Experi-
ment for Oscillation at Short baseline), was built to yield a
reliable measurement of the reactor neutrino anomaly [31].The group developed 0.5% Gd-loaded LS, based on the mixed
solvents of Linear alkylbenzene (LAB) and Ultima Gold F liquid
scintillator produced by PerkinElmer (PerkinElmer Biotech-
nology Company, Waltham, MA, USA) in a 9:1 ratio. This
mixture shows a good PSD power with high light output.
Quality controls were applied at each stage of the mixing
procedure, such as checks on the light yield, Gd concentration,
transmittance, density, andwater content. It contained ~1,000
L Gd-LS, in a cylindrical shape, viewed by the two end caps
with 38 eight-inch PMTs. The target scintillator was shielded
with borated polyethylene plates of 10 cm thickness, lead of
10 cm thickness, and plastic scintillators of 5 cm thickness for
muon veto. The NEOS experiment started to take data starting
in August 2015 inside the tendon gallery of the fifth nuclear
reactor of Hanbit nuclear power plant in Korea [23]. As shown
in Table 2, the NEOS detector obtained a signal/background
ratio of >20 mainly because of the large overburden of the
tendon gallery, ~30 m water equivalent depth. NEOS will
suffer from the leaking of 511-keV gammas, although it has
~5% resolution at 1 MeV prompt energy.
Another important aspect is the energy calibration. As
there is no monoenergetic electron source, the detectors are
usually calibrated by a radioactive gamma source. However,
gamma rays generate multiple electrons because of the
Compton scattering of the gamma rays inside the liquid
scintillator. Then the light output from the position may be
different from the electrons from the gamma source. This is
mainly due to the Cherenkov photons produced by the ener-
getic electrons or positrons. We can calculate the number of
Cherenkov photons as a function of thewavelength, but we do
not understand sufficiently well the conversion of the Cher-
enkov radiation into visible light from the scintillator. The UV
Cherenkov photons should be absorbed in LAB-based liquid
scintillator, and then be reemitted as larger-wavelength pho-
tons. The efficiency of the conversion as a function of photon
wavelength is neither known well nor measured yet.
It is possible to measure the Cherenkov photon efficiency
with high-energy gammas andHPGe detector for the Compton
scattered gammas, which will generate electrons with calcu-
lable energy inside the Gd-LS. It has been demonstrated that a
6-MeV proton beam on a thick natural carbon target is an
efficient way to generate 4.44-MeV gammas [32,33]. The
resonant reaction of 5.3 MeV protons with 12C to 13N*, and
subsequent beta decay of 13N to 12C*(4.44MeV) produces a few
mCi activity of 4.44 MeV gammas at the carbon target with a
few microampere proton beam at a tandem facility. If we
position a liquid scintillator cell attached to a PMT at 50 cm
from the carbon target, the 4.44-MeV gamma flux will be
3,500 g/cm2/s.5. Discussion
Reactor neutrino detection technology is developing rapidly
because there aremotivations for neutrino oscillation studies at
mediumand short baselines. The detectorswill be ton-scale for
short baseline experiments and 20-kton scale for medium
baseline. In another respect, neutrinos at short baseline are
useful for themonitoring andsafeguards technology fornuclear
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 2 8 5e2 9 2 291reactors. The detector technology is common in many aspects
for the two purposes. For both projects, the background reduc-
tion is very difficult to achieve, and the background simulation
could not yet satisfactorily reproduce the background rates.
Because the optimized detector is relatively large (~3m in 3
dimensions), the current tendon gallery (3 m in width and 4m
in height) is not sufficiently wide. Also, it should be advanta-
geous to be closer to the reactor because the targetmass of the
proposed detector configuration is 500 kg. Therefore, I would
like to propose an extension of the tendon gallery toward the
direction of the reactor with an additional tunnel of 10 m
length. It could be 6 m in width and 4m in height, as shown in
Fig. 6. Then, the optimal detector can be easily housed, the
distance of the detector to the reactor can be varied, and the
dependence of the energy spectra on the burnup can be
accurately measured. This modified tendon gallery can be
realized in one of the new commercial reactors planned in
Korea, such as Shin Hanul #3 or #4 reactor. The data antici-
pated in this configuration can surpass the quality of all other
reactor experiments, and we can study the feasibility of the
reactor monitoring power with the reactor neutrinos better.
To achieve energy resolution better than 3% for reactor
monitoring and a better understanding of the neutrino energy
spectra, one needs careful design of the detectors and their
opticalproperties.A three-dimensional segmentationdesignor
multilayer homogeneous design are promising configurations
for thedetector at shallowoverburden, and thecommunitywillFig. 6 e Schematic view of the current tendon gallery and a
proposed extension of the tendon gallery toward to the
reactor core. This can be incorporated in the design of the
newly constructed commercial reactor.continue to test new ideas to overcome the backgrounds and
enhance energy measurements for reactor neutrinos.Conflicts of interest
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E Energy
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